Staphylococcus aureus is a significant human pathogen whose evolution and adaptation has been 27 shaped in part by mobile genetic elements (MGEs), facilitating global spread of extensive 28 antimicrobial resistance. However, our understanding of the evolutionary dynamics surrounding 29 MGEs is incomplete, in particular how changes in the structure of multidrug-resistant (MDR) 30 plasmids may influence important staphylococcal phenotypes. Here, we undertook a population-31 and functional-genomics study of 212 methicillin-resistant S. aureus (MRSA) ST239 isolates 32 collected over 32 years to explore the evolution of the pSK1 family of MDR plasmids, illustrating 33 how these plasmids have co-evolved with and contributed to the successful adaptation of this 34 persistent MRSA lineage. Using complete genomes and temporal phylogenomics we reconstructed 35 the evolution of the pSK1 family lineage from its emergence in the late 1970s, with multiple 36 structural variants arising. Plasmid maintenance and stability was linked to IS256-and IS257-37 mediated chromosomal integration and disruption of plasmid replication machinery. Overlaying 38 genomic comparisons with phenotypic susceptibility data for gentamicin and chlorhexidine, it 39 appeared that pSK1 has contributed to enhanced resistance in ST239 MRSA through two 40 mechanisms: (i) acquisition of plasmid-borne resistance mechanisms increasing rates of 41 gentamicin resistance and reduced chlorhexidine susceptibility, and (ii) changes in plasmid 42 configuration linked with further enhancement of chlorhexidine tolerance. While the exact 43 mechanism of enhanced tolerance remains elusive, this research has uncovered a clear 44 evolutionary response of ST239 MRSA to chlorhexidine, one which may contribute to the ongoing 45 persistence and adaptation of this lineage within healthcare institutions.
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of isolation illustrated that the prevalence of pSK1-like plasmids had increased over time (Figure 145 1B), suggesting an evolutionary benefit for their acquisition and maintenance in this population. 146 There was no evidence of plasmid sharing between the Australian and Asian-Australian clades 147 ( Figure 2 ). However, this finding was not surprising due to the geographic separation of the two 148 clades; the Australian clade has been predominantly recovered in the states of New South Wales 149 and Queensland since the early 2000s, and the newer Asian-Australian clade has almost 150 exclusively been recovered in Victoria since its introduction [15] (Figure 2A ).
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A closer examination of the 92 isolates in which a pSK1-like plasmid was identified showed 152 considerable variation in the presence of plasmid genes ( Figure 2B) . When aligned to a model for 153 the ST239 population structure it became apparent that the variation observed was 154 phylogenetically correlated and suggested the emergence or acquisition of a limited number of 155 pSK1-like structural variants (SVs), with subsequent clonal expansion. Six broad gene patterns 156 (GP) could be resolved amongst these data ( Figure 2B , Supplementary Results). Differences 157 between the GPs correlated with the variable presence of the composite transposons in pSK1. For 158 example, the absence of Tn4003 in GP3 and GP4 ( Figure 2B ). Additionally, the loss of three to 159 six syntenic genes in the plasmid backbone, including the replication initiation protein (repA) and 160 the plasmid partitioning (par) genes (observed in GP2, GP4 and GP6, Figure 2B ). This finding 161 suggested that some of the pSK1-like SVs may be chromosomally integrated. Examination of the 162 pSK1 gene presence and synteny in the Asian-Australian clade revealed that 5/6 syntenic genes 163 associated with pSK1 region 4 (including qacAR) were highly prevalent ( Figure 2B ). These 164 isolates were found to carry an alternative qacA-containing plasmid, specifically a pTW20_1-like 165 plasmid [31] . Unlike pSK1, the pTW20_1-like gene structure appeared to be largely conserved. A 166 description of this second plasmid population is provided in the Supplementary Results. Structural Variants of pSK1 169 To explore the extent of structural remodelling (defined here as changes in plasmid gene content 170 and/or configuration) that has occurred in the pSK1-like plasmid population, long-read sequencing 171 was conducted to establish a reference sequence for the six expected SVs. Additionally, the 172 genome assemblies of all isolates were mined for unique plasmids features, used to determine the 173 prevalence of each SV in the wider ST239 population. This work has been summarised below. For 174 a more detailed explanation refer to the Supplementary Results. 175 Using this approach eight distinct pSK1-like plasmids were identified, having arisen largely 176 through the activities of IS256 and/or IS257. These changes can be classified into three categories. 177 The first was IS-mediated gain or loss of the composite transposons Tn4001 and Tn4003. This was 178 observed in three SVs, termed SV1, SV3 and SV4 (representing GP1, GP3, and GP4, respectively).
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SV1 was found to lack the aminoglycoside resistance conferring Tn4001 and is structurally 180 equivalent to the previously identified pSK7 ( Figure 3A ) [24, 47] . With only a single copy of the 181 IS256 target site duplications (TSD) that flank Tn4001 in pSK1 identified, it was unclear whether 182 SV1 had lost Tn4001 or had never acquired it. Given when the isolates in which SV1 were 183 recovered (1980 and 1982) and their location close to the tree root in a time-aware phylogenetic 184 model for the Australian clade ( Figure S2 ), SV1 likely represented a progenitor of pSK1 prior to 185 gaining Tn4001. Both SV3 and SV4 were found to lack Tn4003 ( Figure 3A,3B ). Instead they 186 contained only a single copy of IS257 with the same TSD that flanked this region in pSK1, in a 187 configuration equivalent to that of pSK14 [24, 47] . Unlike SV1, the phylogenetic location of 188 isolates carrying SV3 and SV4 strongly supported deletion of Tn4003 ( Figure S2 ), potentially 189 through homologous recombination between the flanking IS257s rather than historic absence. This 190 notion is consistent with the proposed evolution of Tn4003, which through IS257-mediated 191 transposition from a pSK639-like plasmid was acquired into a pSK1-like precursor to generate the 192 plasmid cointegrate [28] .
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The second category was IS-mediated chromosomal integration and disruption of the plasmid 194 replication machinery, through IS-and non-IS-mediated deletions/exclusion events. Chromosomal 195 integration was observed in five pSK1-like SVs. Genomic island SV2 (representing GP2) emerged 196 from IS256-mediated integration of pSK1 adjacent to the staphylococcal accessory regulator A 197 (sarA) gene ( Figure 3B ). Likewise, SV4 (representing GP4) emerged from IS256-mediated 198 integration of SV3 adjacent to a predicted aerobactin biosynthesis gene and in close proximity to 199 an alanine racemase (alr) gene ( Figure 3B ). In both cases, integration was likely preceded by an 200 IS256 transposition event, resulting in the addition of an extra IS256 within each plasmid 201 precursor. Interaction between the novel and native IS256 copies led to the formation of circular 202 intermediates, with each composite Tn encompassing the majority of the plasmid sequence but 203 excluding a segment of the plasmid backbone, resulting in the loss of six and three syntenic CDS 204 in SV2 and SV4, respectively. The three remaining SVs had all arisen from a single IS257-205 mediated chromosomal integration event. Only SV5 and SV6 were represented in the complete 206 genomes; a hypothesised structure has been proposed for the other SV, termed SV5' as it 207 represented the progenitor for both SV5 and SV6 (Figure 3B & 3C) . In this case, chromosomal 208 integration of pSK1 had occurred 9.2 kb upstream of a disrupted β-haemolysin gene (disruption 209 resulting from integration of prophage Sa3) and likely involved IS257-mediated replicative 210 transposition (for integration) and homologous recombination to account for the partial deletion of 211 Tn4003. Genomic island SV5 had an additional 45 bp deletion in repA ( Figure 3C ), and SV6 had 212 a deletion of six syntenic CDS from the plasmid backbone likely resulting from IS256-mediated 213 homologous recombination ( Figure 3B ). All deletion events invariably resulted in the loss of 214 genes, or predicted loss of function of the plasmid replication machinery, which has a known role 215 in stabilising newly integrated elements by removing any interference with chromosomal 216 replication [48] .
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The third category represented two IS-mediated inversion events. The first was an IS257-mediated 218 inversion of SV5', giving rise to genomic island SV5 ( Figure 3C ). This appears to be the result of 219 intramolecular replicative transposition in the inverse orientation and resulted in the inversion of 220 a 42.7 kb region [4] . This has reversed the orientation of all SV5 CDS and split φSa3 ( Figure 3C ).
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A second smaller IS256-mediated inversion event was identified in SV3. Transposition of IS256 222 followed by homologous recombination between the new and a native IS256 copy (in inverted 223 orientation) has led to a 3.5 kb inversion in the plasmid backbone and reversed the orientation of 224 repA, par and a hypothetical CDS ( Figure 3A ). Further, this is the same region deleted in SV4.
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While the exact consequences of these inversions are unknown the division and partial inversion 226 of φSa3 should prevent excision of the prophage. Results). This finding strongly suggested that once a novel pSK1-like plasmid emerged it was 233 maintained and structurally remodelled during clonal expansion, but rarely if ever horizontally 234 transferred between ST239 isolates. To explore potential evolutionary patterns in the plasmid 235 13 population, the SVs were overlayed on to a Bayesian-inferred time-aware phylogenetic model for 236 the Australian clade ( Figure S2 ).
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The first pSK1-like plasmids to have appeared in the Australian ST239 clade were SV1 and pSK1, plasmid. In the following three decades there was the emergence of SV3 around 1991 (HPDI: 1989 242 -1994), in which Tn4003 had been deleted and the replication machinery inverted. There had been 243 at least three independent chromosomal integration events, resulting in the emergence of SV2 244 around 1985 (HPDI: 1983 (HPDI: -1986 , SV5' around 1994 (HPDI: 1991 -1996 , and SV4 around 2000 245 (HPDI: 1996 (HPDI: -2004 . These events likely involved pSK1 as the ancestral plasmid, or SV3 as the 246 immediate ancestor of SV4. Inversion of SV5' in 1999 (HPDI: 1997 -2002 led to the emergence 247 of SV5. In each integrated variant, the replication machinery had been disrupted through IS256-248 associated gene loss or an internal repA deletion. It was originally reported that region 1 was 249 conserved in all pSK1 family plasmids [47] , and for the novel extra-chromosomal SVs reported in 250 this study this remains true. However, in the chromosomally integrated SVs only a ~9.3 kb segment 251 of the region is conserved, demonstrating > 95% nucleotide sequence identity with S. warneri 252 plasmid pPI-1 (accession AB125341.3) [47, 49] . The genes encompassed within this region encode 253 protein products predicted to be cell-envelope associated, involved in membrane transport and 254 potentially iron acquisition, with one gene encoding a putative Fst-like toxin as part of a Type I 255 toxin-antitoxin system [47] . The near ubiquitous conservation of this region in the pSK1-like 256 plasmid population suggests that these encoded products beneficial and possibly contributing to 257 plasmid maintenance [47] .
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In addition to the clear stepwise evolution of the pSK1-like population, there also appeared to be 259 evidence of convergent evolution. The three integration events have all occurred independently.
260
Examination of the de novo assemblies for all 92 isolates harbouring a pSK1-like plasmid 261 identified a further two independent deletion events amongst the SV5´ and SV5 clade ( Figure S2 ).
262
These findings strongly suggested that the emergence of these phylogenetically distinct but 263 structurally similar SVs is the result of a significant but unknown evolutionary pressure acting on 264 this pSK1-like population. There is a clear role for chromosomal integration in improving the 265 maintenance of plasmid genes in a population, and the subsequent deletion or disruption of the 266 plasmid replication machinery is needed for stability of the integrant [48] . In the Australian clade, 267 almost all isolates (75/77) that have descended from an ancestral genome with an integrated pSK1-268 like structure have maintained it ( Figure S2 ). It is plausible that the introduction and/or increased 269 use of antimicrobial agents and disinfectants, specifically those for which mechanisms of 270 resistance or tolerance are encoded for by genes harboured on pSK1, could also be contributing to 271 the evolutionary pressure promoting plasmid maintenance and driving chromosomal integration. Trimethoprim. Phenotypic resistance to trimethoprim was detected in all 211 ST239 isolates, with 280 a MIC of > 32 mg/L (Table 1) . Genotypically, 75/123 isolates (61.0%) of the Australian clade and 281 15 all 88 isolates of the Asian-Australian clade were found to harbour a mutated or acquired dfr gene, 282 the dfrA harboured by pSK1-like plasmids or dfrG respectively (Table 1) . A likely mechanism of 283 resistance could not be identified in the remaining 48 isolates from the Australian clade. The lack 284 of phenotypic variation indicated that structural variation in the plasmid population, involving the 285 deletion or alteration of Tn4003, had not impacted on trimethoprim resistance in ST239 due to an 286 unidentified genotypic redundancy. Subsequently, trimethoprim is unlikely to be acting as a 287 significant driver of evolution in this population.
288
Gentamicin. Phenotypic resistance to gentamicin was detected in 185 (87.7%) isolates (Table 1) .
289
Three acquired genes encoding aminoglycoside modifying enzymes (AME) were identified [50]:
290
(1) the bifunctional aac (6' Asian-Australian clades, identified in 98 (79.7%) and 82 (93.2%) isolates, respectively.
296
Conversely, the distribution genes encoding the monofunctional AMEs were more distinct (Table   297 1). Phenotypically the Asian-Australian clade demonstrated a significant higher average MIC to 298 gentamicin compared to the Australian clade (p < 0.0001, Table S1 ). However, as most isolates 299 harboured multiple AMEs, phenotypic resistance could not be attributed to a single gene. That 300 being said, the distribution of these genes suggested that aph(3')-IIIa is likely responsible for the 301 high level resistance observed in the Asian-Australian clade, with aac(6')-aph(2") and aadD 302 contributing only low level resistance in the Australian clade (Table S1 ).
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To assess the impact of pSK1 evolution on gentamicin MIC, the phenotypic data was investigated 304 for temporal trends. These analyses suggested a trend of increasing gentamicin MIC overtime. 305 However, this was only observed in the Australian clade and not the Asian-Australian clade when 306 modelled separately ( Figure S3 ). This finding is consistent with what has been previously observed 307 in ST239 MRSA with the glycopeptides and daptomycin, hypothesised to be the result of two contributing to a significant increase in MIC (Table S1 ); the uptake of pSK1 serving as one 316 mechanism by which aac(6')-aph(2") could be acquired. However, plasmid evolution, with the 317 emergence of the pSK1-like variants, appeared to have no effect on gentamicin MIC, with no 318 temporal trend having been detected amongst the pSK1-like plasmid containing population ( Figure   319 S3, Table S2 ). Therefore, gentamicin also does not appear to be acting as a significant driver of 320 plasmid structural remodelling. (Table 1) . A total of 156 (73.9%) isolates were found to harbour a qacA 324 gene and two a qacC gene ( Table 1 ). The latter, also known as qacD, smr or ebr, although encoding 325 a biocide active efflux pump is not active against CHX [40] ). The qacA gene was consistently 326 associated with isolates that carried either a pSK1-like (Australian clade) or pTW20_1-like 327 plasmid (Asian-Australian clade). The presence of qacA was significantly associated with an 328 elevated MIC and MBC to CHX (p < 0.0001, Table 2 ). Although qacA was equally prevalent in 329 both the Australian and Asian-Australian clades, 89 (72.4%) and 67 (76.1%) isolates respectively, 330 the former population demonstrated a significantly higher average MIC (p < 0.0001, Table 2 ). This 331 phenotypic disparity remained when isolates that did not carry either plasmid were excluded from 332 the comparison, suggesting that genotypic differences between the two plasmid populations could 333 be contributing to the observed phenotypic variation. A comparison of all qacAR sequences to 334 reference JKD6008 (Australian clade) identified six SNPs resulting in missense mutations, five in 335 qacA and one in qacR. Examination of the prevalence, phylogenetic correlation, and phenotypic 336 association of the mutations found that none could explain the difference in tolerance observed 337 between the two clades (Supplementary Results). Using sequence read coverage data, plasmid 338 copy number was also investigated. This analysis revealed that both pSK1-like and pTW20_1-like 339 plasmids were low copy number (average of one and three copies, respectively) and maintained 340 only a single copy of qacA per plasmid (Supplementary Results). While this finding was consistent 341 with previous reports and pSK1-like variants commonly being chromosomally integrated [15] , it 342 did not explain the observed phenotypic variation and suggested that genotypic difference 343 occurring outside of qacAR were responsible.
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As with gentamicin, linear models were developed to investigate the CHX phenotypic data for 345 temporal trends, which may indicate a role for pSK1 family evolution in the development of CHX 346 tolerance ( Figure S3 ). These models also suggested a trend of increasing MIC and MBC to CHX subsequently its introduction into the region, although increasing the prevalence of qacA, 352 contributed minimally to the population level shift in phenotype (Table 2 ). In the Australian clade, 353 the presence of a pSK1-like plasmid was significant associated with increase in CHX MIC and 354 MBC (p < 0.0001, Table 2 ). However, an increase in the prevalence of these plasmids in the 355 population alone could not account for the extent of intra-clade variation observed (Figure 4) , and 356 when the plasmid-harbouring population was modelled separately the trend towards enhanced 357 tolerance remained ( Figure S3 ). Comparison of the average MIC and MBC between the pSK1-like 358 variants suggested the more recently emerged SVs (SV2 to SV6) may be associated with increased 359 tolerance ( Figure 5 , Table S2 ). When the plasmid-harbouring population were grouped based on 360 structural similarities, chromosomal integration was significantly associated with an increased 361 CHX MIC (p = 0.0086, Table S2 ). Furthermore, a multi-CDS deletion in the plasmid backbone 362 appeared to be associated with a further increase in MIC, although this was statistically non-363 significant (Table S2 ). It is unclear why these structural changes were only associated with a shift 364 in MIC, with all groups having demonstrated highly consistent average MBC values ( Figure 5 ), 365 but this might reflect the specific mechanisms mediating enhanced CHX tolerance or the method 366 utilised to estimate the MBC.
367
Collectively, these findings suggest that convergent evolution of pSK1 is associated with and likely mechanisms that may be contributing to this phenotype, we used three separate statistical-genomic 380 techniques. In contrast to the previous analyses, these models have focused on the CHX phenotype 381 with no prior assumption that plasmid evolution is a contributing factor.
382
Common approaches to associating phenotype with genotype involve techniques such as Genome which look for the presence/absence of mutations and/or genes that are disproportionately 385 correlated with a phenotype of interest. Both approaches were utilised in this work, neither 386 identifying any significant genotypes (outside of the qacA-harbouring plasmids) that could be 387 responsible for enhanced CHX tolerance (Supplementary Results). 388 We therefore performed a modified Bayesian phylogeographic analysis, modelling the CHX 389 phenotype rather than geographic location of the ancestral genomes. The hypothesis was that if the 390 development of CHX tolerance was a consequence of plasmid evolution then the ancestral nodes 391 (ANs) from which the SVs were estimated to have emerged should correlate with those in which 392 a shift in MIC is predicted ( Figure 5 ). In this model, a shift in MIC was predicted at the expected 393 ANs for the emergence of the newer SVs. In the case of SV3, SV4 and SV5' the estimated ancestral Figure 1A) . Boxes are linked if CDS were found to be syntenic.
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Coloured boxes reflect one of six defined gene patterns (GP), with location of GP label indicating 482 the isolates selected for long-read sequencing. The aligned heatmap illustrates the phenotypic MIC values attained for each isolate. Prevalence of acquired resistance genes c (n) dfr genes dfrA (76) dfrG (88) -dfrG (88) dfrA (76) -
aac6 '-aph2" (98) aadD (72) aph3'-III (8) aac6 '-aph2" (85) aadD (67) 
